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Abstract
The most common method of CO2 capture is the absorption of CO2 into a falling thin film of an 
aqueous amine solution. Modelling of mass transfer during CO2 absorption is an important way to 
gain insight and understanding about the underlying processes that are occurring. In this work a new 
software tool has been used to model CO2 absorption into aqueous MEA, PZ, NH3 and binary 
mixtures of PZ with AMP or NH3. The tool solves partial differential and simultaneous equations 
describing diffusion and chemical reaction automatically derived from reactions written using 
chemical notation. It has been demonstrated that by using reactions that are chemically plausible the 
mass transfer in binary mixtures can be described by combining the chemical reactions and their 
associated parameters determined for single amines. The observed enhanced mass transfer in binary 
mixtures can be explained through chemical interactions occurring in the mixture without need to 
resort to using additional reactions or unusual transport phenomena (e.g. the shuttle mechanism). 
 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction 
A new software tool has been developed in Matlab® that allows chemical reaction, equilibria and diffusion processes 
occurring in a thin film to be numerically solved in one spatial dimension and time. Assuming laminar flow, no axial 
dispersion and no film heating, this tool allows CO2 mass transfer into a thin film to be estimated for chemistry of any 
complexity. The software tool includes a graphical user interface that allows the chemical mechanism, boundary 
conditions, and other required parameters to be easily entered in an intuitive and user friendly manner. A screenshot is 
shown in Figure 1. The required systems of partial differential equations and simultaneous equations are automatically 
derived and solved.  
In this work validation of the prediction of mass transfer by the software tool against data measured using a wetted-wall 
apparatus at CSIRO and from literature is shown. Results are presented demonstrating that the software tool can fully 
describe measured mass transfer in a number of single aqueous amine/ammonia systems: monoethanolamine (MEA); 
piperazine (PZ); and ammonia (NH3). This includes data measured under both pseudo-first-order conditions and 
conditions where significant depletion of reactants has occurred in the film. Results of using the software tool to 
describe the mass transfer behaviour of the mixtures PZ-AMP and PZ-NH3 are also be presented. In these examples PZ 
can be considered as a rate promoter. The chemistry, as used to describe the single amine/ammonia systems, was 
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combined to describe the mixture. The model predictions of mass transfer were compared to literature and CSIRO 
measured mass transfer data and found to be in good agreement. 
 
Figure 1 A screenshot of the software tool user interface. 
2. Mathematical model 
The mathematical model consists of partial differential equations and nonlinear simultaneous equations that define the 
diffusion, reaction and equilibrium processes occurring in the film as a function of time and distance. Axial dispersion 
and heating effects are neglected and the equations are solved in one dimension perpendicular to the gas-liquid 
interface. It is also assumed that physical properties such as viscosity and density remain invariant within the film and 
as a function of absorbed CO2. 
The system of partial differential equations to be solved are defined as a combination of Fick’s law and chemical 
reaction [1, 2]: 

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where Di is the diffusion coefficient of species i (m2s-1), ci is the concentration of species i (M), x is the distance from 
the gas-liquid interface (m), t is time (s) and ri is the rate of formation or destruction of i by chemical reaction (M.s-1). 
The Matlab® function pdepe, which relies on the method of lines, was used to numerically solve the complete system 
of partial differential equations for a particular chemical system assuming slab geometry.  
The reaction rate ri consists of ordinary differential equations whose definition is a function of the chemical reactions 
that occur in the liquid. Any fast equilibria, such as protonation equilibria, where equilibration can be considered 
instantaneous relative to kinetically defined reactions need to be coupled to these differential equations. This is 
necessary to provide the complete speciation of the chemical system, which is required to solve the ordinary differential 
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equations. The speciation in a system of equilibria was solved by finding the roots of nonlinear simultaneous equations 
that describe the equilibrium constants and mass balance of the system using the Newton-Raphson method [3].  
As concentrated amine solution are being considered in this work (up to 6 M) the concentrations of ions can become 
large at high CO2 loadings. As a consequence it is necessary to take into account non ideal behaviour due to changes in 
activity of charged species. In the calculation of the differential and simultaneous equations the values of rate and 
equilibrium constants were corrected for ion activity by calculating activity coefficients ( using Specific Ion 
Interaction Theory (SIT)  [4]. 
 
3. Chemical Model 
To correctly model the chemistry of CO2 absorption into aqueous amine/ammonia solutions it is crucial that all relevant 
chemical reactions are included and in the correct form. If this is done the results for single amine systems can be 
combined to predict the behaviour of binary amine mixtures without the need for additional reactions [5, 6] or unusual 
transport phenomena such as the shuttle mechanism [7]. The chemical reactions that occur between CO2 and water 
(H2O) have been extensively studied and are well documented. They can be described by the following reactions. 
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The rate and equilibrium constants used for these reactions were taken from published data [8-12]. 
In aqueous amine solutions additional reactions between CO2, primary and secondary amines and amine protonation 
also occur. The reactions for amine Am are given by the carbamate formation reaction of equation (8) protonation 
reaction equation (9).  If it is a tertiary amine and for some sterically hindered amines carbamate formation does not 
occur. PZ is a diamine and it is possible for PZ to form both single and dicarbamate products, single and diprotonated 
PZ and protonated carbamate. The additional reactions for PZ are given by equations (10)-(12). 
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While direct reaction between CO2 and HCO3- has been shown to occur [13], the rate constants are very small and can 
be neglected when describing mass transfer. Neglecting this reaction has no impact on the speciation as its equilibrium 
constant can be derived as 

 from the reactions that have already been defined. The rate and equilibrium constants 
used for these reactions in this work were taken from published values [12, 14-19]. 
4. CO2 Flux, Diffusion Coefficients and Physical Properties 
All the data used in this work was taken from wetted-wall experiments of a falling thin film in contact with a gas 
stream. With reference to the partial differential equation (1), the time over which this equation is integrated represents 
the exposure time te (s) of an element of the liquid to the gas. The distance over which it is integrated represents the film 
thickness xf (m). The exposure time and film thickness can be calculated from the liquid’s flow rate and physical 
properties [2]. Following integration of the of the system of equations describing the reactions and diffusion the time 
averaged CO2 flux across the gas-liquid interface (at x = 0) can easily be calculated by equation (13) [18]. 
 2 2CO CO
0

 

ct
e
D c
N dt
t x
 (13)
where N is the time averaged flux (mol.m-2s-1) and 	
 is the diffusion coefficient of CO2 (m.s
-1).  
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The diffusion coefficient of CO2 in the liquid phase was calculated using a correlation of N2O diffusivity in aqueous 
amines [20] and the N2O analogy. The N2O analogy states that the ratio of diffusion coefficients between N2O and CO2 
in water is equal to that in an aqueous amine solution.   
 2
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
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D D
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 (14) 
where 	
 [21] and 	  [22] are the respective diffusion coefficients of CO2 and N2O in water (m.s
-1),  is 
the viscosity of the aqueous amine solution (Poise) and 	
  and 	 [20] are the respective diffusion 
coefficients of CO2 and N2O in an aqueous amine solution (m.s-1). 
The diffusion coefficients of amines/ammonia in aqueous solution were calculated using the Wilkie-Chang correlation 
[23].  
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where 	 is the diffusion coefficient of the amines/ammonia in aqueous solution at infinite dilution (m.s-1) and Vm is 
the molecular volume of the amine calculated according to the method of Le Bas [24] (cm3mol-1). To maintain 
electroneutrality in the film the diffusion coefficient of all species (except CO2) was set to that of the amine. In the case 
of amine mixtures the diffusion coefficient of the amine with the largest molar volume (and therefore the smallest 
diffusion coefficient) was used. This practice has been shown to have a negligible effect on this type of reaction and 
diffusion calculation [25]. 
The equations to calculate the film properties and diffusion coefficients require knowledge of the viscosity and density 
of the aqueous amines/ammonia solution being considered. For MEA data from Weiland et al. was used [26] while NH3 
was assumed equivalent to water. For PZ and PZ-AMP data from Samanta and Bandyopadhyay [6, 18] was used and 
for PZ-NH3 data was measured at CSIRO. For all other parameters such as the dimensions of the wetted-wall column, 
liquid flow rates, CO2 partial pressures, etc, the publications from which the mass transfer data was taken were used. 
5. Experimental 
In previous work wetted-wall data of CO2 mass transfer into 30% w/w aqueous MEA and 1-10% w/w aqueous NH3 was 
collected as a function of liquid CO2 loading and temperature, with the details given in [27]. This work was carried out 
using CO2 partial pressures between 0 and 25 kPa, liquid CO2 loadings between 0 and 0.8 and temperatures between 5 
and 60°C. In summary, the data was collected by counter-currently contacting a mixture of N2 and CO2 with a falling 
thin film of known surface area. This was done under thermostatic conditions. The CO2 flux from the gas to the liquid 
was determined by measuring the CO2 removal from the gas phase. The method described above for NH3 measurements 
was also used for the PZ-NH3 measurements presented in this work. 
6. Results and Discussion 
Figure 2 is a parity plot of calculated versus measured CO2 absorption flux for MEA and NH3 [27]. For MEA 
temperatures of 313 and 333 K were used, the liquid CO2 loading was varied between 0 – 0.5 and the applied CO2 
partial pressure between 0 – 25 kPa. Considering the range of conditions covered and that no optimisation has been 
carried out between the model and the data the agreement is excellent. The concentration of NH3 was varied between 
0.6 – 6 M, the temperature between 278 – 298 K, the liquid CO2 loading between 0 – 0.8 and the applied CO2 partial 
pressure between 0 – 25 kPa. Again, this covers a broad range of conditions and the agreement between the model 
prediction and the measured data is excellent. The scatter in the NH3 data increases with increasing temperature and 
NH3 concentration. This is likely due to the high volatility of NH3 leading to increased uncertainty in the actual NH3 
concentration in the liquid at higher temperature and concentration. 
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Figure 2 Model calculated versus measured CO2 absorption flux for MEA and NH3. The measured data was collected using CSIRO’s 
wetted-wall reactor using applied CO2 partial pressures between 0 – 25 kPa and the liquid CO2 loading was varied between 0 – 0.5 
for MEA and 0 – 0.8 for NH3. More details can be found in [27].  
Figure 3 is a parity plot of calculated versus measured CO2 absorption flux data for PZ. In this case a log-log plot has 
been used as the flux values cover two orders of magnitude. The data has been taken from two different literature 
sources [14, 18]. The liquid CO2 loadings were zero or low and the applied CO2 partial pressure was less than 5 kPa. 
The temperature was varied between 298 – 333 K. PZ is an amine that reacts rapidly with CO2 and for least some of the 
conditions significant depletion of PZ at the gas-liquid interface will have occurred. Even under conditions of PZ 
depletion, where simpler models assuming pseudo-first-order concentration of the amine are no longer applicable, the 
agreement between the presented model and measurement is excellent.  
Figure 4 is a parity plot of model calculated versus measured CO2 absorption flux data taken from [6] for mixtures of PZ 
and AMP. The chemical model used in this case was simply a combination of that used for PZ with the addition of 
equations (8) and (9) for AMP. Only unloaded solutions were used, the temperature was varied between 298 – 313 K 
and the applied CO2 partial pressure between 2 – 14 kPa. The agreement is excellent and this result demonstrates that 
the behaviour of this mixture can be represented by the behaviour of the individual amine systems. 
 
 
Figure 3 Model calculated versus measured CO2 absorption flux for PZ. The measured data was taken from two different sources (2007, Samanta [18] 
and 2000, Bishnoi [14]) at zero or low CO2 loading, applied CO2 partial pressures of up to 5 kPa and temperatures between 298 – 333 K. 
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Figure 4 Model calculated versus measured CO2 absorption flux for mixtures of PZ and AMP. The measured data was taken from [6] 
at zero CO2 loading, applied CO2 partial pressures of 2 – 14 kPa and temperatures of 298 – 313 K.  
Figure 5 is a parity plot of model calculated versus measured CO2 absorption flux data collected at CSIRO for a mixture 
of 0.5 M PZ and 3 M NH3 according to the method used for NH3 given in [27]. The data was measured at 283 K, the 
liquid CO2 loading was varied between 0 – 0.79 and the applied CO2 pressure between 0 – 20 kPa. The chemical model 
used was a combination of the models used for PZ and NH3. The agreement is excellent and this second mixture 
example illustrates the point that if the chemistry is properly described, the behaviour of amine/ammonia mixtures can 
be predicted from the behaviour of the individual amines and ammonia. 
 
 
Figure 5 Model calculated versus measured CO2 absorption flux for mixture 0.5 M PZ and 3 M NH3 at 283 K. The measured data 
was collected at CSIRO using the same method as given in [27]. The applied CO2 partial pressure was varied between 0 – 20 kPa.  
Analysis of the predicted concentration profiles in the film of the above mixtures leads to a chemically plausible 
explanation as to why mass transfer is enhanced when a promoter such as PZ is mixed with an excess of second amine 
of large absorption capacity such as a tertiary of sterically hindered amine. For a tertiary or sterically hindered amine to 
have a large absorption capacity it needs to be a reasonably good base. Thus when present in excess with PZ, the role of 
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this second amine is to accept protons that would otherwise go to a PZ molecule. When present in a much larger 
concentration than PZ this will occur even if the basicity of the amine is lower than that of PZ. The effect of this is that 
for a given amount of total CO2 absorbed, more free PZ is present at the gas-liquid interface than if the second amine 
were not present. This is illustrated in Figure 6. In this figure the solid lines show the concentrations of PZ and PZH+ in 
the film when 0.58 M PZ is exposed to 5 kPa CO2 for 0.45 s. The dashed lines show of PZ and PZH+ under the same 
conditions but with 2.81 M AMP present. With AMP present the concentration of free PZ at the gas-liquid interface is 
more than doubled and concentration of PZH+ is more than halved. This results in enhanced mass transfer relative to 
0.58 M PZ on its own. This explanation applies to all the mixtures presented in this work and is likely applicable to all 
amine/ammonia mixtures. 
 
Figure 6 A plot showing the concentration profiles of PZ and PZH+ in a film of 0.58 M PZ exposed to 5 kPa CO2 for 0.45 s. The 
solid lines are the concentration profiles without AMP present and the dashed lines are with 2.81 M AMP.  
7. Conclusions 
A software tool developed in Matlab® that allows chemical reaction and diffusion processes in a falling thin film to be 
modelled has been described. The software tool was applied to the prediction of CO2 mass transfer of experimentally 
measured wetted-wall data. It was shown that the model predicted the CO2 absorption flux well for aqueous MEA, NH3 
and PZ even under conditions where significant depletion of reactants occurred in the film. 
It was also shown that the model could predict CO2 absorption flux for the aqueous binary amine mixtures PZ-AMP and 
PZ-NH3. This was achieved by combining the reactions used for the single amines to define the reactions in the mixture. 
It was demonstrated that through the correct choice of reaction chemistry the enhanced mass transfer seen in these 
binary mixtures (relative to PZ alone) could be explained by chemically plausible acid-base interactions between the 
component amines. It was not necessary to introduce additional reactions or unusual transport phenomena such as the 
shuttle mechanism.  
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